Hantaviruses primarily infect endothelial cells (ECs) and nonlytically cause vascular changes that result in hemorrhagic fever with renal syndrome (HFRS) and hantavirus pulmonary syndrome (HPS). Acute pulmonary edema during HPS may be caused by capillary leakage and failure of lymphatic vessels to clear fluids. Uniquely regulated lymphatic ECs (LECs) control fluid clearance, although roles for lymphatics in hantavirus disease remain undetermined. Here we report that hantaviruses productively infect LECs and that LEC infection by HPS causing Andes virus (ANDV) and HFRS causing Hantaan virus (HTNV) are inhibited by ␣ v ␤ 3 integrin antibodies. Although ␣ v ␤ 3 integrins regulate permeabilizing responses directed by vascular endothelial growth factor receptor 2 (VEGFR2), we found that only ANDV-infected LECs were hyperpermeabilized by the addition of VEGF-A. However, VEGF-C activation of LEC-specific VEGFR3 receptors blocked ANDV-and VEGF-A-induced LEC permeability. In addition, ϳ75% of ANDV-infected LECs became viable mononuclear giant cells, >4 times larger than normal, in response to VEGF-A. Giant cells are associated with constitutive mammalian target of rapamycin (mTOR) activation, and we found that both giant LECs and LEC permeability were sensitive to rapamycin, an mTOR inhibitor, and VEGF-C addition. These findings indicate that ANDV uniquely alters VEGFR2-mTOR signaling responses of LECs, resulting in giant cell and LEC permeability responses. This suggests that ANDV infection alters normal LEC and lymphatic vessel functions which may contribute to edematous fluid accumulation during HPS. Moreover, the ability of VEGF-C and rapamycin to normalize LEC responses suggests a potential therapeutic approach for reducing pulmonary edema and the severity of HPS following ANDV infection.
H
antaviruses predominantly infect endothelial cells (ECs) which line vessels and nonlytically cause 2 vascular diseases: hemorrhagic fever with renal syndrome (HFRS) and hantavirus pulmonary syndrome (HPS) (48, 51, 59, 85, 86) . Andes virus (ANDV) causes HPS, resulting in acute pulmonary edema and respiratory insufficiency (12, 14, 18, 22, 36, 47, 53, 59, 62, 86) . The means by which hantaviruses cause vascular leakage and edema are likely to be multifactorial in nature, and mechanisms by which hantaviruses alter fluid barrier properties of the vasculature are still being discovered (28, 29, 34, 35, 37, 45, 63, 70, 74) . Tissue and organ edema are prominent findings in hantavirus patients, and blood vessel ECs (BECs) form a primary fluid barrier that normally restricts fluid egress into tissues and permits blood and fluid recirculation (1, 19, 80) . However, a discrete lymphatic vessel network plays a fundamental role in clearing fluid from tissues, and edema may also result from reduced lymphatic vessel function (5, 44, 73) .
ANDV (HPS) and Hantaan virus (HTNV; HFRS) infection of BECs alters normal EC fluid barrier functions. Pathogenic hantaviruses bind and inactivate ␣ v ␤ 3 receptors on capillary endothelial cells (27, 31, 65) , and days after infection, hantaviruses inhibit ␤ 3 integrin responses and cause BEC hyperpermeability in response to vascular endothelial growth factor A (VEGF-A) (28, 29, 34, 35, 56, 65) . VEGF-A was originally found as a vascular permeability factor that potently causes localized vascular leakage and edema (19) (20) (21) . ␤ 3 Integrins normally regulate VEGF-A directed permeability by forming an immunoprecipitable complex with VEGF receptor 2 (VEGFR2) (7) , and knocking out ␤ 3 or antagonizing ␣ v ␤ 3 functions enhances VEGFR2-directed signaling responses and BEC permeability (68, 82) .
VEGF-A is induced by hypoxia and causes high-altitude-induced pulmonary edema (6, 19, 23, 58, 77) . VEGF-A induces the dissociation of VE-cadherin from interendothelial adherens junctions via a VEGFR2-Src-VE-cadherin signaling pathway and thereby regulates the primary fluid barrier of the endothelium (19, 24, 25, 49) . HPS patients are acutely hypoxic (36, 39, 59, 62, 79) , suggesting a link between pulmonary edema during HPS and enhanced endothelial cell VEGF-A responses (12, 15, 16, 38, 57, 64, 76) . In fact, both HTNV and ANDV enhance VEGF-A-directed permeability responses, and inhibitors that antagonize this pathway block the hyperpermeability of hantavirus-infected BECs (28, 29, 34, 35, 63) . Collectively, these findings tie altered VEGF-A responses following hantavirus infection to edema observed in HPS and HFRS patients. Lymphatic vessels are lined by uniquely regulated lymphatic ECs (LECs) and lack pericytes, smooth muscle cells, and a basal membrane (4, 5, 9, 10, 73) . Lymphatic vessels separate lymph from the interstitial space and normally drain fluids from tissues in order to prevent edema (9, 10, 73) . Pulmonary lymphatic vessels play a fundamental role in providing a moist but relatively dry environment within the lung that facilitates efficient gas exchange (73) . Lymphatic system dysfunction is a known cause of lymphedema which, in contrast to BECs, is regulated by both VEGF-A and VEGF-C responses (4, 9, 10, 17, 33, 44, 52) . Only LECs express VEGFR3 receptors which specifically respond to VEGF-C effectors, and VEGFR3 forms heterodimeric complexes with VEGFR2 that provide for novel VEGF-A/VEGF-C responses of LECs (2, 5, 73) . VEGF-C activation of LECs reportedly reduces tissue edema while mutations in VEGFR3 or inhibiting VEGFR3 responses are causes of lymphedema (4, 9, 10) .
Currently there is little understanding of hantavirus interactions with LECs or regulation of lymphatic vessel fluid clearance functions. In this study, we demonstrate that pathogenic ANDV and HTNV as well as nonpathogenic Tula virus (TULV) productively infect LECs. We found that pathogenic hantavirus infection of LECs was specifically inhibited by antibodies to ␣ v ␤ 3 integrins. However, only ANDV infection enhanced LEC permeability and caused the formation of giant LECs in response to VEGF-A. Furthermore, the addition of VEGF-C or rapamycin, which inhibit discrete VEGFR2 signaling targets, blocked giant cell formation and LEC permeability. These findings indicate that the HPS-associated ANDV uniquely alters pulmonary LEC responses that control lymphatic vessel fluid clearance functions. Our results further suggest that VEGF-C and rapamycin are potential ANDV therapeutics that may enhance normal lymphatic vessel functions and fluid clearance during HPS.
MATERIALS AND METHODS

Cells and virus.
Vero E6 cells (ATCC CRL-1586) were grown in Dulbecco's modified Eagle medium (DMEM) containing 10% fetal calf serum (FCS; Sigma), penicillin (100 g/ml), streptomycin sulfate (100 g/ml), and amphotericin B (50 g/ml) (GIBCO). Human lung lymphatic microvascular endothelial cells (HMVEC-LLy) were purchased from Clonetics and grown in endothelial growth medium-2MV (EGM-2MV; Lonza) supplemented with gentamicin (50 g/ml), amphotericin B (50 g/ml), and 10% FCS (Sigma). ANDV (CHI-7913) (56) , HTNV , and nonpathogenic TULV (Tula/Moravia/MA 5302V/94) were cultivated in a biosafety level 3 (BSL3) facility as described previously (29) and determined to be free of mycoplasma (Roche). LEC and HMVEC-L monolayers were ANDV, HTNV, or TULV infected at a multiplicity of infection (MOI) of 0.5 or mock infected. Viral titers were determined by focus assay after immunoperoxidase staining of hantavirus nucleocapsid protein within cells as described previously (31, 32) .
Reagents and antibodies. Vitronectin was obtained from Chemicon, and human VEGF-A and fluorescein isothiocyanate (FITC)-dextran (40 kDa) were from Sigma. Recombinant human VEGF-C was from R&D Systems. Ang-1 (human) was obtained from Alexis Biochemicals. Rapamycin was obtained from Santa Cruz Biotechnology, and Src family kinase inhibitor dasatinib {Sprycel; N- (2- (35, 75) was purchased from Selleck Chemicals. Blocking antibodies to the ␣ 2 (AB 1936), ␣ 5 ␤ 1 (AB1950), and ␣ v ␤ 3 (AB1976, LM609) integrin subunits were purchased from Chemicon. Goat anti-rabbit IgG-horseradish peroxidase (HRP) conjugate was from Kirkegaard & Perry Laboratories, Inc.
Rapamycin and dasatinib were evaluated for LEC cytotoxicity by trypan blue exclusion, and inhibitor concentrations used were based on prior studies of drug cytotoxicity (13, 41, 50, 71, 84) . Briefly, serially diluted inhibitors were added to LECs, and after 24 h, 0.4% trypan blue was added to cells. Cell viability was determined by quantifying the percentage of cells excluding trypan blue. Concentrations of inhibitors resulting in Ͻ5% change in cell viability were used as maximum inhibitory concentrations in experiments.
Immunoperoxidase staining of hantavirus infected cells and giant cells. In order to monitor hantavirus infection, rabbit polyclonal antinucleocapsid serum directed against the NY-1V nucleocapsid protein was used to detect ANDV-, HTNV-, and TULV-infected cells as described previously (31) . Briefly, infected lymphatic endothelial cell monolayers were fixed with 100% methanol and incubated with anti-nucleocapsid serum (1:5,000) followed by goat anti-rabbit IgG-HRP secondary antibody (1:5,000; Amersham Biosciences). Nucleocapsid protein-expressing cells were identified by immunoperoxidase staining using 3-amino-9-ethylcarbazole (0.026% in 0.1 M sodium acetate [pH 5.2] and 0.03% H 2 O 2 ). Cells Ͼ3 times normal LEC size were considered to be giant cells. The number of infected cells (10 fields, 1,500 cells in each duplicate well) and giant cells were quantitated by microscopy using NIH Image (31) .
Antibody inhibited infection of LECs. LECs were pretreated with antibodies for 1 h at 4°C. Antibodies (20 g/ml to 5 g/ml) were preadsorbed to cells in 50 l of EGM-2MV with 2% FCS in duplicate wells of a 96-well plate. The monolayer was washed three times with phosphatebuffered saline (PBS), and ϳ200 focus-forming units (FFU) of hantavirus was adsorbed to monolayers for l hour at 37°C. Unbound virus was removed, and the monolayer was washed three times and incubated for 24 h at 37°C prior to methanol fixation, immunoperoxidase staining (as described above), and quantitative analysis of infected cell foci.
Endothelial cell permeability assay. A previously described EC permeability assay was used to assess hantavirus-induced permeability (28, 29, 34) . Briefly, human LECs were plated on Costar Transwell plates (3-m pores; Corning) and confluent monolayers were infected in triplicate with pathogenic ANDV or HTNV or nonpathogenic TULV at an MOI of 0.5. Three days postinfection, cells were starved overnight with basal EBM-2 with 0.5% bovine serum albumin. FITC-dextran (0.5 mg/ ml) was added to the upper chamber in the presence or absence of VEGF-A (100 ng/ml) or VEGF-C (100 ng/ml) as described previously (29, 35) . Where indicated, cells were treated with angiopoietin-1 (Ang-1; 50 ng/ml) or dasatinib (5 ng/ml) as described previously (29, 35) or with rapamycin (20 ng/ml, added 1 h prior to VEGF-A) for 1 h at 37°C prior to the addition of FITC-dextran. Monolayer permeability was evaluated by quantitating FITC-dextran in the lower chamber using a using a BioTek FLx800 fluorimeter (490-nm excitation, 530-nm emission) (28, 29, 34) .
Statistical analysis. The results are derived from two to five independent experiments and presented as the mean Ϯ standard error of the mean (SEM) with P values of Ͻ0.05 considered to be significant. Multiple group comparisons were made by one-way analysis of variance (ANOVA). Twoway comparisons were performed by two-tailed, impaired Student's t test. All analyses were performed using GraphPad Prism software version 5.0.
RESULTS
Hantavirus infection of lymphatic ECs.
There is little understanding of lymphatic involvement in HPS or HFRS; however, hantaviruses cause edema and clearance of edematous fluid is regulated by lymphatic vessels and their LEC lining (73) . Nucleocapsid protein is present in a reticular pattern within lymph nodes of HPS patients (86) , suggesting a potential role for hantaviruses to infect LECs and alter normal lymphatic vessel functions. Here we investigated the ability of ANDV (HPS), HTNV (HFRS), and TULV (nonpathogenic) to infect LECs. We found that LECs were infected by all 3 hantaviruses tested and resulted in a similar number of nucleocapsid protein expressing LECs at 24 h postinfection. Hantavirus infection of LECs was productive, resulting in a maximal titer of 3 ϫ 10 4 FFU/ml at 3 to 4 days postinfection for ANDV (Fig. 1) . However, ANDV replication in LECs was more rapid and resulted in 1-to 2-log-higher titers than HTNV or TULV (Fig. 1) . In comparison to infection of human microvascular pulmonary endothelial cells, maximum hantavirus titers in LECs were ϳ1 to 2 logs lower (29) . These results indicate that LECs are targets of hantavirus infection and further suggest the potential for hantaviruses to alter normal LEC functions.
Pathogenic hantaviruses attach to human capillary endothelial cells by binding to inactive ␣ v ␤ 3 integrin conformers (65) while infection by nonpathogenic TULV is specifically inhibited by antibodies to ␣ 5 ␤ 1 integrins (27, 31). Here we investigated whether integrins similarly direct hantavirus attachment to LECs. Pretreating LECs with antibody to ␣ v ␤ 3 specifically inhibited ANDV and HTNV (but not TULV) infection of LECs in a concentrationdependent manner, while blocking antibodies to ␣ 5 ␤ 1 or ␣ 2 integrins had no effect on ANDV and HTNV infection of LECs (Fig. 2) . In contrast, nonpathogenic TULV infection of LECs was inhibited by antibody to ␣ 5 ␤ 1 but not antibodies to ␣ 2 or ␣ v ␤ 3 integrins (Fig. 2) . These data strongly suggest that pathogenic ANDV and HTNV infection of LECs is mediated by ␣ v ␤ 3 integrins.
ANDV infection results in unique LEC responses. During the course of these studies, we noticed that only ANDV infection of LECs resulted in the appearance of giant LECs (mean, 245 Ϯ 5.5 m) that were ϳ4 to 5 times the size of normal LECs (mean, 54.55 Ϯ 5.6 m; P Ͻ 0.0001) (Fig. 3A) . Giant cells were predominantly mononuclear and viable by trypan blue exclusion. Three days postinfection, ϳ75% of ANDV-infected LECs were giant cells while giant LECs were nearly absent in HTNV, TULV, or mock-infected monolayers (Fig. 3B) . Although infected LECs uniformly express ANDV nucleocapsid protein at 24 h postinfection, the percentage of ANDV-infected giant LECs increased from 36% to 76% from 1 to 3 days postinfection, respectively (Fig. 3C) . These findings indicate that ANDV infection selectively causes the formation of giant cells and suggest that ANDV dramatically alters normal LEC functions.
Altered VEGF-A and VEGF-C responses of hantavirus-infected LECs. The role of ␣ v ␤ 3 integrins in regulating VEGFR2 responses suggested that pathogenic hantaviruses may alter normal LEC responses to VEGF-A (7, 66, 68, 82) . LECs uniquely express VEGFR3 receptors and are regulated by both VEGF-C/ VEGFR3 and VEGF-A/VEGFR2 responses elicited by VEGFR2/ VEGFR3 heterodimers (5, 9, 10, 17, 73). We initially determined whether hantavirus infection of LECs alters the permeability of LECs in response to VEGF-A by monitoring LEC monolayer permeability to FITC-dextran (29) . We found that only ANDV infection enhanced LEC permeability in response to VEGF-A (ϳ3-fold) compared to VEGF-A-treated uninfected LECs or LECs infected with HTNV or TULV (Fig. 4A) . We observed no increase in LEC permeability for any hantaviruses in response to VEGF-C. However, we found that VEGF-C addition nearly completely inhibited the enhanced permeability of ANDV-infected LECs directed by VEGF-A (Fig. 4B ). These findings indicate that ANDV induces specific changes in VEGF-A-directed LEC responses that are blocked by the VEGF-C stimulation of LEC-specific VEGFR3 receptors.
The ability of VEGF-C to reduce LEC monolayer permeability suggests that VEGF-C may similarly regulate ANDV-induced giant LEC responses. ANDV-infected LECs were treated with VEGF-A, VEGF-C, or both growth factors as described above, and the presence of giant LECs was quantitated. We observed a 6-fold increase in the number of giant LECs after adding VEGF-A to the media (Fig. 4C) . In contrast, VEGF-C addition dramatically reduced VEGF-A-directed giant cell responses following ANDV infection (Fig. 4C) . The addition of VEGF-C alone also inhibited the basal level of giant LEC responses to ANDV infection by 2-fold compared to unstimulated ANDV-infected controls (Fig. 4C) . These findings indicate that VEGF-C inhibits ANDV-induced hyperpermeability and giant cell responses. These findings suggest an association between the formation of giant LECs following ANDV infection and ANDV-enhanced LEC monolayer permeability in response to VEGF-A.
Role of rapamycin as a potential inhibitor of ANDV-induced permeability. Similar to ANDV-directed LEC responses, continuous activation of the mammalian target of rapamycin (mTOR) causes giant cell formation and is associated with increased microvascular permeability in response to VEGFR2 (11, 43, 54, 61, 83, 84) . Rapamycin inhibition of mTOR reduces microvascular hyperpermeability and blocks giant cell formation (54, 84) . The similarity of ANDV and mTOR responses to VEGFR2 suggested analyzing rapamycin as a potential inhibitor of ANDV-induced LEC permeability and giant cell formation. Here we compared the ability of rapamycin to inhibit ANDV-induced permeability and giant cell formation to inhibitory responses of VEGF-C, the VEGFR2-Src pathway inhibitor, dasatinib, and angiopoietin-1 (Ang-1), a dominant inhibitor of VEGFR2-directed permeability (26, 35, 71, 78) . We found that rapamycin reduced the number of ANDVinfected giant LECs 2-to 3-fold compared to LECs treated with VEGF-A alone (Fig. 5A ) and similar to the addition of dasatinib, Ang-1, and VEGF-C. In parallel experiments, ANDV-infected LECs were hyperpermeabilized by the addition of VEGF-A; however, the addition of rapamycin, as well as VEGF-C, Ang-1, and dasatinib, dramatically decreased LEC permeability to control levels (Fig. 5B ). These findings demonstrate that rapamycin inhibition of mTOR, a downstream consequence of VEGFR2 signaling, is sufficient to inhibit giant cell formation and LEC permeability responses. Additional upstream inhibitors of VEGFR2 responses (VEGF-C and dasatinib) similarly blocked giant cell and perme- on vitronectin-coated Transwell inserts and were ANDV, HTNV, or TULV infected at an MOI of 0.5 in triplicate or mock infected. Three days postinfection, FITC-dextran was added to media in the upper chamber in the presence or absence of VEGF-A (100 ng/ml), and 3 h later, FITC-dextran in the lower chamber was quantitated by fluorimetry as described previously (29) . Results are expressed as fold increases in permeability to FITC-dextran over VEGF-Atreated mock-infected controls. (B) Permeability of ANDV-infected cells to FITC-dextran was determined as in panel A above after VEGF-A or VEGF-C (100 ng/ml) was added as indicated. (C) LECs were infected with ANDV, and at 3 days postinfection, VEGF-A or VEGF-C was added as indicated (100 ng/ml). Three hours later, the presence of ANDV-infected giant LECs was quantitated and presented as a percentage of mock-treated ANDV-infected LECs. Data represents results of four independent experiments (**, P Ͻ 0.01 versus control). ability responses, as did Ang-1, which inhibits VEGFR2 responses by activating discrete Tie-2 receptors. These findings suggest several potential ANDV therapeutics that act on discrete signaling targets as inhibitors of LEC giant cell formation and as a means of restoring LEC fluid barrier and clearance functions.
DISCUSSION
ANDV causes HPS, an acute edematous syndrome with bilateral pulmonary infiltrates leading to respiratory distress and a 35 to 40% mortality rate (14, 18, 59, 72, 86) . Pulmonary edema can result from vascular leakage or failure to clear alveolar fluid. Gas exchange is reduced by pulmonary edema, and normally, alveoli are kept relatively dry by an elaborate pulmonary lymphatic drainage system (73) . Discrete endothelial cell types line capillary (BECs) and lymphatic (LECs) vessels and regulate the edematous accumulation of interstitial fluid. Hantaviruses alter functions of BECs following infection, leading to their increased permeability in response to VEGF-A. However, LECs are uniquely controlled by VEGF-C through VEGFR3 as well as VEGF-A through VEGFR2, and on LECs, these discrete VEGFRs form heterodimeric complexes that are both VEGF-A and VEGF-C regulated (10, 17, 33, 52) . Hantavirus infection of LECs has not been described but has the potential to alter lymphatic vessel fluid clearance and play a fundamental role in tissue edema following hantavirus infection. Here we demonstrate that only the HPS causing ANDV alters LEC responses which regulate lymphatic vessel functions and, as a result, have the potential to contribute to pulmonary edema.
Our findings indicate that ANDV (HPS), HTNV (HFRS), and TULV (nonpathogenic) infect and successfully replicate in human pulmonary LECs. Infection of LECs by pathogenic ANDV and HTNV was blocked by antibodies to ␣ v ␤ 3 , while antibodies to ␣ 5 ␤ 1 integrins inhibited infection of LECs by nonpathogenic TULV. The use of LEC ␣ v ␤ 3 integrins by only pathogenic hantaviruses is consistent with the inhibition of ␣ v ␤ 3 integrin functions on BECs and the enhanced VEGFR2-directed permeability of BECs days after hantavirus infection (28, 30, 34, 65) . ␣ v ␤ 3 forms an ectodomain complex with VEGFR2 that normally restricts VEGF-A/VEGFR2-directed BEC permeability (7, 67, 68, 82) . However, little is currently known about the role of ␣ v ␤ 3 in regulating LEC VEGFR2/VEGFR3 functions (3, 8, 10, 17) .
On LECs, VEGF-A activation reportedly inhibits VEGFR3, presumably through VEGFR2-VEGFR3 heterodimers (17, 33) . Consistent with this finding, VEGFR3 activation regulates VEGFR2 responses and is associated with reduced tissue edema, while inhibiting VEGFR3 signaling is linked to congenital lymphedema (9, 10, 44) . Although blocking antibodies to ␣ v ␤ 3 inhibited both HTNV and ANDV infection of LECs, we found that only HPS-associated ANDV enhanced LEC permeability in response to VEGF-A. Furthermore, VEGF-C failed to increase the permeability of hantavirus infected LECs. In fact, addition of VEGF-C and VEGF-A to ANDV-infected LECs inhibited LEC permeability responses directed by VEGF-A alone. This indicates that ANDV uniquely alters VEGFR2 responses of LECs and suggests novel ANDV interactions with LEC receptor complexes.
VEGFR2 signaling responses regulate vascular and lymphatic vessel functions (8, 20, 52) that are linked to the hantavirus disease process. VEGF-A acts on both BECs and LECs and uniquely regulates inter-LEC adherence through VE-cadherin and proliferative responses. In fact, acute hypoxia, which is a fundamental finding in HPS patients, induces VEGF-A production, and VEGF-A further induces the production of the hypoxia responsive transcription factor HIF1␣, forming an amplification loop (23, 43, 50, 77) that causes high-altitude-induced edema (6, 23, 77) . Although LEC responses of VEGFR2/VEGFR3 complexes are poorly understood (9, 10, 33, 44) , our findings indicate that ANDV-infected LECs uniquely respond to VEGF-A and that this response is regulated by VEGF-C. Enhanced VEGFR2 responses of ANDV-infected cells may explain the hyperpermeability of ANDV-infected LECs, while LEC VEGFR2/VEGFR3 complexes rationalize their VEGF-C sensitivity.
Our results reveal a further connection between ANDV infection of LECs and lymphatic vessel dysfunction during HPS. In contrast to HTNV or TULV, ANDV infection of LECs resulted in the formation of giant LECs (150 to 250 m) that are ϳ4 to 5 times normal LEC size. ANDV-induced giant LECs provide a visual marker of altered LEC functions that may contribute to lymphatic vessel fluid clearance deficits in HPS. ANDV-induced giant LECs are analogous to giant ECs observed in response to a proliferation inhibitor (60) , and giant cells are also a consequence of mutations in the tuberous sclerosis complex (TSC) that lead to constitutive mTOR activation (11, 54, 69) . Similar to TSC-directed giant cell formation (11, 13, 69, 84) , rapamycin inhibition of mTOR was found to block the formation of giant LECs and reduce LEC permeability following ANDV infection. Rapamycin inhibits VEGFR2-Akt-mTOR signaling by blocking downstream mTOR responses, and mTOR also regulates hypoxia and HIF1␣-directed cellular responses (13, 41-43, 83, 84) . Addition of VEGF-C, dasatinib, and angiopoietin-1 also inhibited giant cell formation and permeability responses of LECs consistent with their action at upstream points of VEGFR2-directed mTOR activation pathways (26, 35, 71) . These findings are consistent with mTOR activation contributing to LEC dysfunction following ANDV infection and suggest a potential role for VEGFR2-directed mTOR signaling responses in HPS pulmonary edema. Clearly, further studies of VEGF-C and mTOR signaling pathways are LECs (A) and LEC permeability (B) were assayed as described in Fig. 4 and as described previously (31) in the presence or absence of VEGF-A (100 ng/ml), VEGF-C (100 ng/ml), dasatinib (5 nM), Ang-1 (50 ng/ml), or rapamycin (20 ng/ml). Data are derived from two independent experiments performed in triplicate with comparable results (**, P Ͻ 0.01 versus control).
needed to understand the mechanism by which ANDV uniquely affects these key LEC regulatory responses.
Human lymphatic endothelial cells from HPS patients contain hantavirus antigens (86) , suggesting that in vitro LEC responses observed here may also contribute to HPS in vivo. However, the mechanisms by which hantaviruses cause acute pulmonary edema in HPS patients remains to be defined. Immune responses have been suggested to be involved in HPS pathogenesis (45) , while the VEGF-directed hyperpermeability of hantavirus-infected human endothelial cells (29, 34, 35, 74) suggests roles for hypoxia-derived VEGF (12, 23, 57, 64) as a mechanism of pulmonary edema in HPS patients. A recent report demonstrates that depletion of T cells in ANDV-infected Syrian hamsters has no effect on the onset, symptoms, or severity of lethal pulmonary edema, suggesting that T cell responses may not be determinants of pathogenesis (37) . However, another report on ANDV-infected Syrian hamsters suggests that the low level activation of several proinflammatory genes and Th1/Th2 responses in the lungs may contribute to pathogenesis (70) . Although this study indicates only small systemic VEGF level changes (70), VEGF acts locally and induces permeability within 0.5 mm of its release (21) but does not act to systemically permeabilize the vasculature. Although pulmonary induction of VEGF and localized VEGF responses were not shown (70) , Syrian hamsters, like HPS patients, are acutely hypoxic and in respiratory distress (12, 40, 81) , suggesting the pulmonary induction of VEGF as contributing to HPS (18, 36, 59, 86) and HPS-like diseases (40) . Consistent with localized permeability, HPS patient pleural fluids are initially transudative in nature (12); however, edemagenic constituents within patient edema fluids remain unstudied. The fact that hypoxic induction of VEGF alone is sufficient to cause high-altitude-induced pulmonary edema further suggests a role for hypoxia and VEGF responses in HPS (55, 57, 64) . Hantavirus infection of patient LECs, which control fluid clearance from the lung, and the unique VEGF regulation of LECs further suggest the potential for additional edemagenic mechanisms to contribute to HPS in hypoxic patients.
Collectively, our findings demonstrate that ANDV-infected LECs provide additional sites for hantavirus replication and a rationale for lymphedema to contribute to HPS. Although it is unclear whether similar LEC responses are caused by other HPS-and HFRS-causing hantaviruses, our data demonstrate a unique interaction of ANDV with pulmonary LECs that has the potential to alter lymphatic vessel clearance functions and contribute to the severity of ANDV-induced pulmonary edema. Our studies further demonstrate that rapamycin and VEGF-C act on LECs to prevent ANDV-induced giant LEC and permeability responses. VEGF-C and rapamycin have known roles in reducing lymphedema, and rapamycin also reportedly stabilizes BECs by reducing capillary leakage induced by VEGFR2 (9-11, 13, 46, 52, 54, 84) . As a result, our findings suggest that rapamycin and VEGF-C have the potential to be hantavirus therapeutics that reduce pulmonary edema by stabilizing the vasculature and restoring lymphatic vessel fluid clearance functions during HPS.
